Abstract-Much of our knowledge about the electric field distribution in transcranial current stimulation (tCS) still relies on results obtained from layered spherical head models. In this work we created a high resolution finite element model of a human head by segmentation of MRI images, and paid particular attention to the representation of the cortical sheet. This model was then used to calculate the electric field induced by two electrodes: an anode placed above the left motor cortex, and a cathode placed over the right eyebrow. The results showed that the maxima of the current density appear located on localized hotspots in the bottom of sulci and not on the cortical surface as would be expected from spherical models. This also applies to the components of the current density normal and tangential to the cortical surface. These results show that such highly detailed head models are needed to correctly predict the effects of tCS on cortical neurons.
I. INTRODUCTION
RANSCRANIAL stimulation with weak slowly modulated electrical currents (tCS) is a promising technique that has been shown to modulate cortical excitability in humans [1] . Modulation of the cortical neurons by tCS depends on the induced electric field in the brain. Much of our knowledge about the spatial distribution of the electric field during transcranial electrical stimulation still comes from early calculations performed using simplified head models. One of the best known and successful model of this kind is the layered spherical head model with point-like electrodes [2] , [3] . Similar models that include more layers and more realistic electrodes are still being used in a number of studies [4] , [5] . With the advent of powerful computers, more realistic head models have been created from segmentation of high resolution anatomical images obtained from MRI and CT scans [6] , [7] .
Here we present a finite element calculation of the electric field induced during tCS in a high resolution realistic head model obtained from segmentation of the Colin27 template. Special care was taken to accurately represent the cortical white matter (WM), gray matter (GM) and cerebrospinal fluid (CSF) were segmented from the T1 images whereas the skull and scalp were obtained from the PD images. This information was then imported into MIMICS (http://www.materialise.com/) where volume meshes suitable for finite element calculations were generated (see Fig. 1) . The meshes were then exported into a finite element program used to calculate the electric field: Comsol (v. 3.5a www.comsol.com). The resultant mesh comprises more than 1.9×10
6 tetrahedral second order Lagrange elements.
B. Electrode design and placement
Two 25 cm 2 electrodes were also represented in the model (see Fig. 1a ). The electrodes were designed with a cylindrical shape (radius of 28.2 mm) and a height of approximately 1.5 cm. A perfect electrical contact was assumed between the electrodes and the scalp.
The anode was placed over the hand area in the left motor cortex, whereas the cathode was placed over the right eyebrow. Identification of the "hand-knob" [8] in the motor cortex was done by visual inspection of the anatomical images.
The upper surface of each electrode was set to uniform electrical potential and the potential difference between them was adjusted so that the current injected through the anode was 1.0 mA. All the remaining outer boundaries of the model were considered to be insulating ( 0
), and continuity of the normal component of the current density was imposed on all the inner boundaries. 
C. Electric field calculation
The electric field induced in the brain was obtained by
, where  is the electrostatic potential and  is the electric conductivity) and taking the gradient of the scalar potential. This procedure assumes that the quasi-statics approximation holds [9] . In this approximation the tissues are considered to be purely resistive with no capacitive components. This approximation is valid for the low stimulation frequencies used in tCS. The different tissues in the head model were modeled as having electrical conductivities with values close to the average ones reported in the literature for the DC / low frequency range [10] - [12] : 0.32 S/m, 0.008 S/m, 1.79 S/m, 0.32 S/m and 0.15 S/m for the scalp, skull, CSF, GM and WM, respectively. The electrodes were modeled as having a conductivity value arbitrarily taken to be equal to that of the scalp [4] . All media were modeled as having isotropic conductivities and, as such, the current density could be found simply by multiplying the scalar electrical conductivity by the electric field. All calculations were performed in Comsol, using its Conductive Media DC package. Given the large number of degrees of freedom in the model (more than 5×10 6 ), an iterative linear system solver (GMRES) was chosen. This iterative solver required that a preconditioner be used (Incomplete LU with a drop tolerance of 0.001). The calculation took about 3 hours to complete in a workstation with two quad-core Xeon W5580 processors at 3.2 GHz and 48 GB of RAM memory.
III. RESULTS

A. Spatial distribution of the current density
The magnitude of the current density is greatest on the scalp under the electrodes but it decreases rapidly with depth. For the sagittal plane depicted in Fig. 2 , the current density norm on the scalp reaches a maximum of 1.6 A/m 2 ( Fig. 2a) , but this value decreases to 0.33 A/m 2 on the CSF and only 0.068 A/m 2 on the GM (Fig. 2b) . The shunting effect that the scalp exerts on the current is also clearly visible in Fig. 2a . Another interesting fact is that the current density is highest on the scalp under the rim of the electrode and is not uniformly distributed under the electrode (see Fig.  2a ). This explains why the maximum value of the current's density norm in the scalp is much higher than that predicted by dividing the total injected current by the area of the electrode (0.40 A/m 2 ). This shows that the ratio injected current / electrode area does not predict accurately the current density in the scalp [13] .
Contrary to what was expected, the maximum of the current density induced on the GM -CSF interface does not occur on the gyri close to the electrode but instead at localized hotspots, some localized on the bottom of sulci (see Fig. 2b ). This seems to be a result of the shunting effect of the CSF because when the conductivity of the CSF is set to a value equal to that of the GM no such hotspots appear on the bottom of sulci (see Fig. 2 c) , although some still appear at the wall of the sulci. Setting the conductivity of all tissues represented in the model, except the skull, to the same value as that of the GM restricts the position of the maxima to the top of the gyri, closer to the electrodes (see Fig. 2 d) , as predicted by the spherical models.
These observations apply also to the component of the current density perpendicular to the cortical surface, as is illustrated in Fig. 3a . Again, setting the conductivity of the CSF to that of the GM shifts the maxima to the gyri close to the electrodes (compare Fig. 3a and b) . Regarding the component of the current density tangential to the cortical surface, the presence of the CSF also seems to shift the maxima to more deeply located regions in the walls of the sulci, as can be seen by comparing Fig. 3c and d. There is, however, one maximum that appears at the cortical surface in the model with the appropriate conductivity value for the CSF. This maximum is located under the rim of the anode, at a gyrus located close to the central fissure (see Fig. 3c ). It should be noted that although this analysis focused essentially on the distribution of the current density under the anode, it also applies to the region under the cathode.
Changes in the electrical conductivity of the skull affect mainly the magnitude of the current density values but have little effect on its spatial distribution. Reducing the conductivity of the skull to half of its original value (this results in a ratio between the conductivity of the scalp and that of the skull of 80, a value used in some early modeling studies, [3] ) reduces the magnitude of the current density in the cortical surface to 63% of its value with the original conductivity value. The location of the maxima remains at the bottom of the sulci, however.
IV. DISCUSSION
The analysis of the current density distribution in this high resolution realistic head model yielded some results that were unexpected and very different from those obtained on simpler models. One of these results is that the maxima of the current density norm do not appear on the gyri under the electrodes but in localized hotspots at the bottom of the sulci. This effect disappears when the conductivity of the CSF is set to a value equal to that of the GM and has not been reported in studies involving spherical head models [4] , [5] . Therefore, this effect results from a combination of both the high conductivity of the CSF and the highly convoluted surface of the cortex.
Even when the conductivity of the CSF is set to the same value as that of the GM, the distribution of the current density is not the same as that predicted by spherical head models, with maxima still appearing at the walls of the sulci. This effect seems to be a result of the difference in the conductivities of the GM and the WM because when that heterogeneity is removed the distribution of the current density becomes similar to that predicted by the simpler models, with the maxima appearing only at the gyri closer to the electrodes. The fact that the WM is highly anisotropic [14] is likely to increase even more the complexity of the spatial variation of the electric field.
Similar effects were reported in another realistic head model [6] . In this study, the authors noticed that the maximum of the current density / electric field appeared at the walls of some sulci, a phenomenon they called "electric field clustering". The sulci do not seem to be as well represented in that model as they are in the one used in the present work. As a result, the maxima of the current density in our model appear to be located not only at the walls of sulci, but also deeper in the bottom of sulci.
We have also shown that this "clustering" affects the components of the current density normal and tangential to the cortical surface. These are thought to be the relevant components in modeling the effects of tCS on cortical neurons, given that neurons tend to align mainly in directions either normal or tangential to the cortical surface [15] . The present study demonstrates clearly the necessity of employing highly detailed realistic head models to correctly determine which cortical sites are more likely to be influenced by the electric field induced in tCS. Our model can also be used to investigate similar effects in TMS.
In this work, the electric field and the current density in a given tissue have the same distribution because tissues were modeled as isotropic. In the future, we intend to include tissue anisotropy in our models.
This preliminary work was carried out under the EC funded HIVE project to model the effects of multi-site noninvasive electrical brain stimulation.
